Enterotoxigenic Escherichia coli strains have frequently been implicated as a cause of diarrheal diseases in humans and animals. In some cases, the pathogenicity has been shown to depend on their ability to adhere to intestinal mucosa as well as their ability to produce enterotoxins which may be heat labile (LT) or heat stable (ST) (9, 10, 28, 39) . The production of both colonization factors and enterotoxins has been shown to be plasmid mediated and therefore capable of transfer between bacteria (11, 17, 28, 38, 39) .
Although many different E. coli serotypes have been shown to be enterotoxigenic, strains of particular serogroups have been isolated repeatedly in many different countries: 06, 08, 015, 025, 078, and 0115 (23-25, 31, 34) . Within a serogroup, certain flagellar (H) antigens have often been associated with enterotoxin production. For example, enterotoxigenic strains of serogroup 078 usually possess H antigen 11 or 12 (27) . The majority of these 078 strains produce LT, ST, and colonization factor antigen (CFA/ I) (5, 10, 11, 13) .
From an 078 strain (H10407) which was ST' LT' and CFA/I+ Evans et al. (11) obtained a segregant which had lost the ability to produce CFA/I. They identified a plasmid coding for CFA/I of molecular weight 60 x 106 and a plasmid controlling enterotoxin production of molecular weight 42 x 106 (11) . Other LT' ST' CFA/ I' 078 strains have been shown to lose the ability to produce both ST and CFA/I while remaining LT' (9, 35) . We have examined the plasmid content of some 078 strains and their derivatives and have shown that the loss of the two properties is correlated with the loss of one plasmid (35) . This plasmid, coding for ST and CFA/I production but not for LT production was transferred from one strain of 078.H12 which was originally LT' ST' CFA/I+, suggesting that the control of LT production is separate (35) .
We therefore examined 19 enterotoxigenic E. coli strains of serogroup 078 for their ability to transfer some plasmids controlling pathogenicity (ST, LT, and CFA/I) and characterized the factors which code for LT production. The strains were isolated in different parts of the world and have been previously described (5, 13) .
MATERIALS AND METHODS
Standard plasmids. The resistances and enterotoxin factors used in bacterial crosses and in incompatibility experiments are listed in Table 1 .
Wild-type bacterial strains. The 19 enterotoxigenic E. coli 078 strains, all of which produce heat labile toxin, are listed in Table 2 . They were all isolated from patients with diarrheal diseases.
Enterotoxin tests. LT was detected by Y1 adrenal cell and CHO cell tissue culture, and ST was detected by the suckling mouse test as previously described (14) .
CFA/I. CFA/I was detected by hemagglutination of human group A erythrocytes, slide agglutination with specific CFA/I antiserum, and immunodiffusion as previously described (5) .
Tests for resistance to antibacterial drugs and heavy metals. Bacterial strains were tested for resistance to ampicillin (Ap), chloramphenicol (Cm), furazolidone, gentamicin, kanamycin (Km), nalidixic acid, streptomycin (Sm), sulfathiazole (Su), tetracycline (Tc), and trimethoprim as described previously (1) . Resistance to mercuric chloride (Hg), potassium tellurite, and silver nitrate was determined by the strip diffusion technique (35) .
Tests for colicin and hemolysin. Colicin production was examined by the agar overlay method, using E. coli K-12 as the indicator strain (1) , and hemolysin production was tested by plating the strains on newly poured nutrient agar containing 2.5% horse blood.
Transfer of plasmids. (i) Direct. Nutrient broth cultures of the donor and recipient strains (ca. 2 x 10' cells per ml) were mixed in a ratio of 1:10 for short crosses (1 or 2 h) and in equal volumes for overnight crosses and incubated at 37°C. For transfer of plasmids coding for LT, ST, and CFA/I production together or as separate markers from the wild-type strains, two lac E. coli K-12 substrains were used as recipients: 14R519 (= J62 Nal') and 1OR151 (= AB1157). The mating mixtures were plated on MacConkey agar containing nalidixic acid (40 ytg/ml) or streptomycin (500 ,ug/ml).
For transfer of an R factor into an enterotoxigenic strain, the donor was counter-selected against with colicin E2, and the transconjugants were selected on MacConkey agar containing the appropriate drugs.
(ii) Mobilization. Broth cultures of the strain to be tested for the presence of a transfer factor and of the strain carrying a non-autotransferring plasmid (NTP2, pML2, or NTP107) were mixed in a ratio of 1:1 and incubated overnight. To 2 ml of this suspension was added 1 ml of the final recipient culture, again with overnight mating (1). Transconjugants were again selected on agar containing the appropriate drugs.
Fertility inhibition (fi+). Cells carrying derepressed F-like factors produce F fimbriae that act as 'Strains carrying these plasmids gave a positive result in the suckling mouse assay for ST (22) .
'Strains carrying these plasmids gave a negative result in the suckling mouse assay but a positive result for ST in the pig gut loop assay (16, 19,38; Gyles, personal communication).
receptors for the F-specific phages that cause visible lysis of the cultures. Factors that are fi+ inhibit the synthesis of F fimbriae. Plasmid F-T or R1-19K-was introduced into strains carrying an enterotoxin (Ent) factor, and broth cultures were examined with phage A2 in surface spot tests (1) . fi+ factors reduce or abolish visible lysis of the culture by this phage.
Phage testing of K-12 strains carrying Ent plasmids. (i) Phage propagation. Phages,u2 and fd were used in propagation experiments to detect F fimbriae (1) .
(ii) Phage restriction. Surface spot tests were used to test the ability of K-12 strains carrying Ent plasmids to restrict E. coli phages. Routine test dilutions of the phages were prepared so that, when they were spotted on host strain K-12 (10R151), either semiconfluent lysis or approximately 100 discrete plaques (+++) were seen. The phages used were Ti, T3, T4, T5, T7, BF23, 48400 (8) , 4109 (J.-S. Pitton, unpublished data), 02, and A vir from our laboratory collection. The ability to restrict was also used to screen for plasmids after transfer experiments.
Preparation and agarose gel electrophoresis ofplasmid DNA. Plasmid DNA was partially purified from the wild-type strains and K-12 derivatives and subjected to electrophoresis as previously described (43 (ii) The inability of certain small plasmids to replicate in K-12 strains which lack DNA polymerase I has been used to detect transposition of drug resistance from the small plasmid to another plasmid which can replicate in the K-12 polA strain (40) . Plasmid pML2, which codes for kanamycin resistance and is polA dependent (18) (22) . The R factors belonged to the following incompatibility groups: B, C, D, FI, FII,
(for reviews see references 6 and 20) . They were also tested against factors Folac (20) and NTP107 (22) .
The Ent plasmids are listed in Table 1 The majority (7/11) of the 078.H12 strains from Asia gave biotype pattern 5. All of the strains examined for plasmid content except E5258 had at least one band at a molecular weight corresponding to 56 x 106 to 60 x 106;.
Strain E5258 was also exceptional as it was the only strain producing ST which did not also produce CFA/I; in addition, ST production and LT production were lost together from this strain, suggesting that these properties were controlled by a single plasmid. No colonies from the other two crosses showed any phage restriction.
Fifty to 100 colonies from the other two crosses were then tested in pools of five for LT, ST, and CFA/I production. From the cross in which strain E7464 was used as the donor, all 10 pools tested were found to be LT' only. From one pool, two of the five colonies produced LT.
When E7473 was used as the donor strain, no pools of colonies produced LT, ST, or CFA/I.
(ii) Direct transfer of drug resistance plasmids to K-12: cotransfer of LT production. Four E. coli strains isolated in Thailand were Cm Sm Su Tc. Three of these, E9434, E9436, and E9446, were tested for transfer of resistance and cotransfer of pathogenic properties. The resistance markers were transferred together to K-12 from all three wild-type strains. The majority of these resistant colonies restricted T5: from E9434, 7/20; from E9436, 19/ 20; and from E9446, 20/20. The individual T5 restricting colonies tested were all LT' ST-CFA/I-. Gel electrophoresis of the K-12 transconjugants showed that two bands of plasmid DNA were present. When the transconjugants lost all of the drug resistance markers, they were still LT, and only one band of DNA was seen by gel electrophoresis, showing that drug resistance and LT production were coded for by separate plasmids.
Strains E6085 and E7473 were Sm Su, but neither of these resistances could be directly transferred to K-12 as previously described (33) .
Strain E9643 was Sm Tc, ahd both markers were transferred together to K-12. One hundred Sm Tc colonies were tested for phage restriction of T5, but none showed any restriction. No pools were positive for production of LT, ST, or CFA/ I.
(iii) Direct transfer of LT production to K-12: mobilization of non-autotransferring plasmids. Eleven wild-type strains were used as donors in mobilization experiments with three non-autotransferring plasmids (NTP2, pML2, and NTP107) to determine whether they contained transfer factors. One strain, E9643, was originally drug resistant; since this resistance was autotransferring, spontaneous drug-sensitive segregants were isolated before it was used for mobilization.
Plasmids from the following strains were able to mobilize Km plasmid NTP107: E9506, E9640, E11936, and E9562. In two cases, with E9506 and E9640 as donors, the resistant recipient colonies restricted T5. Two such transconjugants from each cross were tested further and found to be LT' ST-CFA/I-. In the other two crosses involving E11936 and E9562, no restriction was observed when the resistant recipient colonies were tested with T5, but the colonies were again LT+ ST-CFA/I-.
A transfer factor from E5258 mobilized Sm Su plasmid NTP2. However, 20 drug-resistant transconjugants did not restrict T5, nor did they produce enterotoxins, although they could transfer the resistance markers to another K-12 strain.
From the crosses in which strain E7473 was tested, only Km plasmid pML2 was mobilized. Here the transconjugants restricted phage T5 but did not produce LT, ST, or CFA/I. A transfer factor was shown to be present, as pML2 could be transferred again to another K-12 strain.
The remaining five strains (H10407, E6085, E9642, E9643 Sm Tc-, and E5541) were unable to mobilize any of the non-autotransferring plasmids, even after incubation for periods of up to a week.
(iv) Cotransfer of LT production with F-T. Derepressed plasmid F-T (Table 1) was transferred into seven wild-type E. coli strains. One colony was selected and used as the donor in a cross with strain 14R519. Transconjugants were selected on MacConkey agar containing tetracycline (20 ,ug/ml) and nalidixic acid (40 ,ug/ml). These transconjugants were tested with phage ,u2 to deternine whether an fi+ plasmid had been cotransferred with F-T. fi+ plasmids were obtained from strains H10407 (25/30), E6085 (2/ 20), E9642 (7/10), and E9643 Sm Tc-(3/10). All of the fi+ transconjugants tested restricted phage T5 and produced LT but not the difference between the titer when the phage was incubated with a plasmid-free control and the titer when the phage was incubated with the strain containing the plasmid being tested.
bNT, Not tested. ' The loss of the resident plasmid could not be followed as it was not marked by drug resistance. The LT plasmids were also tested with the ST LT plasmid from another enterotoxigenic E. coli strain of human origin, E2985. The plasmid was used either in the Ap form as TP214 or as TP213 marked with Tc. This plasmid was found to be incompatible with the LT plasmids from all three groups. After one cross with TP213 Tc and NTP104 Ap, four hybrid colonies were tested; two showed segregation of plasmids, with 42/183 and 184/192 losing one plasmid, but from two clones no plasmids were lost (0/264, 0/294). These clones appeared to be quite stable, although the plasmids were shown by further transfer experiments not to have recombined.
Two Ent plasmids from E. coli strains of animal origin were also used in incompatibility tests in overnight crosses (Table 7) . pCG86 already has the drug resistance markers Sm, Su, and Tc, but P307 was first marked with Ap. The two plasmids were found to be incompatible with each other and compatible with TP213 but had different reactions with some LT plasmids. Both showed some incompatibility with plasmids from group 1, TP252 Km and TP236 Tc (Table 7) . pCG86 also appeared to be incompatible with TP235 Km since it was capable of displacing this plasmid from the recipient strain and segregation occurred in one colony. Here again some clones seemed to be able to maintain the two plasmids. In the 078 strains, the genes for LT production are on a plasmid separate from that for ST and CFA/I production, and therefore it appears that two plasmids coding for pathogenicity are present in these strains. An E. coli strain of animal origin may also contain two plasmids coding for pathogenic properties, although in this case one plasmid codes for toxin production and one codes for adhesion (38) . Two factors have been identified which are concerned with adhesion of E. coli strains of animal origin, K88 and K99 (26, 28, 39 In doing this survey, we were also interested in whether the similar pathogenic properties of 078 strains of different H types and from different geographical areas were due to similar plasmids. Incompatibility, i.e., the inability of two plasmids to coexist in a single cell, has frequently been used to classify R factors. However, we found that although it would be possible to put all of the LT plasmids from the 078 strains in one incompatibility group on the basis of reactions of groups 2 and 3 with group 1, further tests showed that this was not a homogeneous group, since LT plasmids of groups 2 and 3 were not incompatible with each other. Testing with other Ent plasmids or F-like plasmids showed more differences in incompatibility reactions, although the LT plasmids all belonged to the Fincompatibility complex. Plasmids which show dual incompatibility have been described several times (2, 21, 29) . Recent experiments have shown that Flac has two incompatibility regions, one of which specifies Fl incompatibility and the second of which specifies incompatibility against itself (21) . Therefore, a recombinant of Flac and the LT2 plasmid, which shows dual incompatibility for FI plasmids and MP10 (29) , might have three incompatibility regions. Plasmids of this type would show a multiplicity of incompatibility reactions, as do the LT plasmids.
Besides incompatibility, we used five other properties to compare the LT plasmids: (i) fertility inhibition, (ii) propagation of phages ,u2 and fd, (iii) transferability, (iv) restriction pattern of E. coli phages, and (v) size. The LT plasmids shared some properties; i.e., they were all fi+ and belonged to the F-incompatibility complex, but they could be subdivided into three types mainly on the last two properties and incompatibility reactions. The DNA of the LT plasmids has also been compared by restriction enzyme analysis and DNA hybridization, and again the results have shown that LT plasmids can be put in three groups (42) . Plasmids of group 1 were found in the African 078.H12 strains and an 078H-strain, plasmids of group 2 were found in the Asian 078.H11 strains, and plasmids of group 3 were found in the Asian 078.H12 strains. An LT plasmid of group 3 has also been found in an 07.H18 strain from India (34) and an 063.H-strain from Latin American (unpublished data). We were unable to isolate an ST or LT plasmid from three of the 078 strains. Analysis of the plasmid DNA of E5258 VOL. 143, 1980 on August 27, 2017 by guest http://jb.asm.org/ Downloaded from and E5541 showed that neither contained a plasmid band between molecular weights 40 x 106 and 60 x 106, showing that neither contained an LT plasmid of the type described above.
The reasons for the prevalence of enterotoxigenicity among E. coli strains of certain serotypes are not known. One possible explanation is that the strains are good recipients for Ent plasmids. However we have found that enterotoxigenic and non-enterotoxigenic 078 strains are poor recipients for R and Ent factors (unpublished data). In spite of this, the survey of the 078 strains suggests that they have acquired a variety of LT plasmids, and many of these strains also contain a CFA/I ST plasmid. Laboratory studies suggest that 078 strains are stable for LT production but can readily lose CFA/ I and ST production (8, 11, 35) . Using the plasmids marked with antibiotic resistance isolated in the course of this investigation, we hope to examine the ability of E. coli strains of various serotypes to acquire, and retain, and express these plasmids.
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